There is currently no model that predicts peak power output (PPO) thereby allowing comparison between different incremental exercise test (EXT) protocols. In this study we have used the critical power profi le to develop a mathematical model for predicting PPO from the results of different EXTs. Purpose: The purpose of this study was to examine the level of agreement between actual PPO values and those predicted from the new model. Methods: Eleven male athletes (age 25 ± 5 years, VO 2max 62 ± 8 mL · kg -1 · min -1 ) completed 3 laboratory tests on a cycle ergometer. Each test comprised an EXT consisting of 1-minute workload increments of 30 W (EXT30/1) and 3-minute (EXT25/3) and 5-minute workload increments (EXT25/5) of 25 W. The PPO determined from each test was used to predict the PPO from the remaining 2 EXTs. Results: The differences between actual and predicted PPO values were statistically insignifi cant (P > .05). The random error components of the limits of agreement of ≤30 W also indicated acceptable levels of agreement between actual and predicted PPO values. Conclusions: Further data collection is necessary to confi rm whether the model is able to predict PPO over a wide range of EXT protocols in athletes of different aerobic and anaerobic capacities.
increases. [10] [11] [12] For example, it has been shown that the difference in PPO (W) from an EXT comprising stages of 60 seconds in duration with that obtained in an EXT with stages of 3 minutes in duration can be in the range of 60 to 100 W. 11 This factor has been shown to infl uence the relationship between PPO, VO 2max , and endurance performance. [10] [11] Those EXTs that use stages of between 60 seconds and 5 minutes in duration are commonly used for monitoring the effects of training, for talent ID, or for prescription of training intensity. 5 However, variation of EXT protocol may infl uence subsequent PPO results and the purpose for which they are being used. For example, an athlete who achieves ~500 W in an EXT that comprises 1-minute stages may achieve a value of ~400 W in an EXT with stages of 3 minutes in duration. If the outcome of the testing is to prescribe power output in training, then submaximal or supramaximal values will be different when expressed as percentages of PPO, as in typical "interval" training programs. 13 This could affect the acute physiological responses to that kind of training and also subsequent longterm adaptation. Indeed, a recent review article 14 has highlighted the considerable difference in EXT protocol and PPO results appearing in the literature and also how this might affect comparison of PPO values for performance diagnostics.
Despite the physiological signifi cance of PPO for performance diagnostics and the large variation in EXTs, there is currently no procedure that predicts PPO between EXTs and thereby allows comparison and standardization among EXT protocols. The objective of this study is to present a new model allowing the prediction of PPO. We also examined the level of agreement between actual PPO values obtained from 3 different EXTs completed by trained cyclists and values predicted by the new model.
Methods

Theoretical Development of the Prediction Model
An EXT involves a series of progressively increasing workloads, each sustained for a set duration until exhaustion of the tested individual. Fatigue will occur with increasing power output owing to a variety of biochemical and neurological factors. 15 In line with these effects, the prediction model was developed assuming the typical metabolic or neurological fatigue response that occurs during an EXT. Time to exhaustion at a certain workload (TTE WL ) refl ects the duration (in minutes) until fatigue occurs when sustaining this workload. In the prediction model, sustaining a workload for the duration of a given stage (SD) of an EXT will contribute to fatigue in proportion to the ratio SD:TTE WL (%):
where CTF is the contribution to fatigue of sustaining a given WL and SD is the stage duration (in minutes) of the EXT. During a continuous EXT, there is no recovery from consecutive stages. Any fatigue induced during a stage of an EXT will carry over to the next higher workload. In turn, the remaining exercise capacity and hence the effective TTE at that higher workload are reduced. The moment where the EXT terminates is represented in Equations 2 and 3.
where WL 1 is the starting workload of the EXT, and
where t is the duration over which the last workload is maintained (minutes) and t ≤ SD. Subsequently, PPO is calculated as
where WL full is the value of the highest workload (W) completed for the full stage duration and a is the workload increment (W). Critical power (CP) is defi ned as the maximum average power output sustained for a set duration. 16 In the prediction model, the TTE WL is derived from the critical power profi le. A subject's CP profi le (or power-duration profi le) can be determined by performing a series of separate time trials (TTs) of various durations and determining the sustained power output (W) during those trials. 17 For the purpose of the prediction model, reference CP profi les A and B (see Figure 1) were developed from actual PPOs in a variety of EXTs and from data of power output for various durations collected on a large number of well-trained male cyclists (height 175 to 185 cm, body mass 70 to 75 kg at 10% to 15% body fat). The power-duration curve B lies above power-duration curve A at WLs < MAP. At supramaximal WLs (>maximal aerobic power [MAP]), curve A lies above curve B. The curves indicate an individual with profi le B having better aerobic endurance than an individual with profi le A. Similarly, an individual having profi le A has better anaerobic capacity than an individual with profi le B. Hence the profi les A and B refl ect certain ranges in aerobic and anaerobic capacities found in the well-trained cyclists. Individual profi les are assumed to lie between profi les A and B. Note that through curves A and B the ratio between any pair of critical power values is fi xed. These ratios are independent of the absolute power. Hence the shape of profi les A and B will be similar at absolute higher and lower powers. The prediction model was also developed using the relationship between duration and power output for maximal or submaximal work. The prediction model uses MAP, which corresponds to the power output at VO 2max to be in the range CP4 to CP6. This is consistent with empirical data showing that the time to exhaustion (TTE) of well-trained runners at an intensity corresponding to 100% VO 2max is in the range of 4 to 6 minutes. 18 Assuming an economy range of 72 to 78 W · L -1 · min -1 (which is typical for a trained athlete 19 ), a MAP = 345 W corresponds to a VO 2max value of well-trained male cyclists in the range of 4.4 to 4.8 L/min (345/78 and 345/72, respectively). Research has shown in athletes that the exercise intensity during a 30-minute TT corresponds to 80% to 90% VO 2max . 20 We assumed that a fractional utilization of 80% to 90% VO 2max corresponds with CP30:MAP ratios of 280/345 = 0.81 (profi le A) and 310/345 = 0.9 (profi le B). Table 1 provides example data for calculating PPO from an EXT that comprises 5-minute stages with 25-W increments (EXT25/5) based on profi le A (Figure 1 , it follows that in an EXT with stages of less than 5 minutes in duration, the effect of neglecting workloads below 225 W will be even less. Note that the lowest workload to be taken into consideration will be proportionally higher or lower when the actual CP profi le has higher or lower absolute power output compared with the reference profi les A and B. Table 2 demonstrates predicted PPO from EXT30/1, EXT25/3, and EXT25/5 calculated from profi les A and B in Figure 1 . Table 3 shows the PPO ratios between EXT30/1, EXT25/3, and EXT25/5 derived from the predicted PPO in Table 2 . These ratios are independent of absolute power attained in the EXT. In default of the personal aerobic/anaerobic balance, the mean of the PPO ratios from profi les A and B in Table 3 are used to predict PPO from the result's actual EXT. 
Testing the Model
Subjects. To test the validity of the model for predicting PPO, the level of agreement was determined between the results of a series of EXTs and PPO values predicted from the results of each EXT. To achieve this, 11 male athletes were recruited from the local cycling fraternity and asked to participate in the study. The subjects were of various ability levels and were age 25 ± 5 years, height 180 ± 5 cm, and VO 2max 62 ± 8 mL O 2 · kg -1 · min −1 . All the subjects were competing in regional-and national-level cycling and triathlon events. The experimental procedures were explained to the subjects verbally and in writing. The experimental procedures were approved by the institutional research ethics committee.
Incremental Exercise Testing. Each subject completed 3 different continuous and progressive EXTs to exhaustion in a randomized order on 3 separate days interspersed by a minimum of 48 hours of recovery. The starting workload for each EXT was ~150 to 200 W depending on body mass and the subject's ability level (each subject had performed similar EXTs and hence we were familiar with their potential PPO value). The EXT30/1 increased by 30 W every minute until exhaustion. The 2 remaining tests increased by 25 W every 3 minutes (EXT25/3) or 5 minutes (EXT25/5) until exhaustion. In all cases a 5-minute warm-up at 100 W was allowed before the commencement of the test. All the tests were performed on a stationary cycle ergometer (SRM, Jülich, Germany), and the reliability and validity of this device for measuring PPO in cycling has previously been examined. [21] [22] The tests were completed under similar laboratory environmental conditions (temperature 20ºC, relative humidity 50%). Within the experimental period, the subjects were asked to adhere to a carbohydrate-rich diet and to standardize the volume and intensity of endurance training in the 48 hours before the test so as to improve the reliability of the EXT procedures.
Determination of PPO and HR max . During each EXT, heart-rate data (HR, beats/ min) was collected every 1 second via a portable HR monitor (Polar, Kempele, Finland) belt attached to the chest of the subject and integrated to the power control unit of the SRM system. Power output (PO, W) was also sampled every 1 second during each EXT using the SRM crank system. The maximum HR (HR max ) was measured as the highest consecutive HR value obtained. The actual PPO in each of the EXT PPO30/1, PPO25/3, and PPO25/5 was calculated as the highest power output averaged (using the SRM software) for 60 seconds, 3 minutes, or 5 minutes, depending on the EXT completed. 23 The PPO value obtained from each EXT was then used to predict (using the theoretical prediction model) the PPO value from the other tests. For example, the prediction model was used to predict PPO30/1 and PPO25/5 from the actual PPO25/3 value.
Statistical Analyses
The agreement between predicted and actual PPOs from the different EXTs was determined using the 95% limits of agreement (95% LoA) method. 24 The assumptions of normality for the distribution of the individual differences between the predicted and actual values and that of homoscedasticity (ie, the size of the prediction errors are independent of the magnitude of the actual values) were confi rmed using the Shapiro-Wilk test and 2-tailed Pearson correlation coeffi cients, respectively .
Systematic bias between the actual and predicted PPO values from each EXT was tested using 2-tailed paired t tests. Absolute measurement error was also determined by the coeffi cient of variation for repeated measures. The coeffi cient of variation was calculated by dividing the standard deviation of the differences by the square root of 2 and dividing the answer by the grand mean and was expressed as a percentage. Relative reliability, or the degree to which individuals maintain their position within the group on retesting, 25 was determined using the intraclass correlation coeffi cient (2-way random model with the systematic variance excluded from the denominator variance). The single rater value was reported for the intraclass correlation coeffi cient and is based on the assumption that future test values will be derived from predicted values only. Analyses were completed using SPSS for Windows software (release 11.5.0; SPSS Inc, Chicago, Ill). The alpha level for signifi cance testing was set a priori at .05.
Results
Comparisons between actual PPOs and those predicted from each EXT are shown in Table 4 . Mean differences between actual and predicted PPOs were insignifi cant (P > .05), except that the modeling of the PPO from EXT25/5 signifi cantly underpredicted the actual PPO for EXT30/1 (P = .04). The PPOs were signifi cantly higher in the EXT that consisted of the shorter stages (EXT30/1) compared with tests incorporating longer stage durations (EXT25/3 and EXT25/5) for both the actual and predicted PPO. The 95% LoA demonstrated that there was good agreement between actual and predicted PPO (Figure 2) . The repeated-measures coeffi cient of variation ranged between 1.7% and 3.3%, and the ICC, between .91 and .98 (Table  5 ). There was no signifi cant difference in HR max for each EXT (185 ± 10, 183 ± 10, and 181 ± 10 for EXT30/1, EXT25/3, and EXT25/5, respectively).
Discussion
The purpose of this study was to develop and test a new model that enables prediction of PPO in an EXT from the PPO obtained from an EXT of a different protocol. The main fi nding is that the level of agreement between actual and predicted PPOs for any given EXT was suffi ciently high for the modeling procedure to be of practical use in future research. Atkinson and Nevill 26 stressed the importance of using analytical goals for future research to evaluate the results of any reliability analysis. If we apply this suggestion to the context of our study, the level of agreement between predicted and actual PPO should be high enough to improve the validity of conclusions from a review or meta-analysis that has attempted to interpret studies that have used EXTs with different stage durations or increments.
The highest random-error component of the LoA for any actual predicted PPO comparison was 30 W. This is interpreted as suggesting that 95% of the prediction errors would be 30 W or less when applying the model to PPO data previously reported by studies that incorporated cycle-ergometer EXTs. When considering that the mean difference in actual PPOs between EXT30/1 and EXT25/3 (200% increase in stage duration) was 66 W and between EXT30/1 and EXT25/5 (400% increase in stage duration) was 82 W, this indicates that the modeling procedure would be of practical use in interpreting studies using different EXT stage durations. However, the mean difference in actual PPOs for EXT25/3 and EXT25/5 (67% increase in stage duration) was only 16 W and was identical to the randomerror component of the LoA when using both of these EXTs for predictions (ie, predicting PPO EXT25/3 from EXT25/5 or predicting EXT25/5 from EXT25/3). The results therefore suggest that the model corrections for PPO become more important as the percentage difference in stage duration increases. This point may be especially important if PPO values from EXT with stage durations of between 5 and 7 minutes (40% increase) or 6 and 7 minutes (17% increase) were compared, because differences in actual PPO are likely to be very small. However, irrespective of the prediction error, it may be questionable whether such potentially small differences in PPO are quantitatively important to warrant correction, and further research is required to determine what these differences are before a decision can be made. The practical and statistically insignifi cant (except 1 comparison) systematic bias between actual and predicted PPO values also supports the premise that the modeling procedure used in this study provides levels of agreement that are suffi ciently high to be of practical use. Intraclass correlation coeffi cients of .90 have been considered high, .80 to .89 moderate, and below .80 "questionable" for physiological measurements. 27 The ICC of between .91 and .98 found in the present study therefore indicates that subjects maintained their relative position in the group to a high degree when actual and predicted PPO values are compared. This further confi rms the relatively high level of agreement between actual and predicted PPOs, as does the repeated-measures coeffi cient of variations: between 1.7% and 3.3%. Although these results are promising in the development of the model, the validity of the model is based around a number of potential factors that may have infl uenced some of the PPO results obtained and therefore the level of agreement with predicted values.
In calculating the CTF of a workload, the TTE at that workload is derived from the CP profi le. Each individual will have his or her own specifi c personal CP profi le depending on such factors as training status and specifi c physiological abilities, such as anaerobic and aerobic endurance, the lactate threshold (as a percentage of maximum performance), and muscle effi ciency (gross effi ciency). 28 Note that the CP profi le of an individual is not constant in time but will vary during a training season depending on the type of training the person is undergoing. The predictive validity of the present model should therefore ideally be tested knowing the CP profi les of the tested individuals. This requires multiple testing days and was outside the scope of this present investigation. That aside, future experiments examining the validity of this model should also quantify the CP profi le of each subject in conjunction with other PPO results.
The prediction model uses reference CP profi les established from a range of trained cyclists. Differences between the reference CP profi le and the actual personal CP profi le will become manifest predominantly at higher workloads of an EXT at which CTF exponentially increases as TTE approaches the stage duration (see also Table 1 ). Because stage duration appears in the denominator of the CTF defi nition (see Equation 1), EXTs with relatively short stage durations (eg, 1 minute) will be even more sensitive for such differences than EXTs with relatively longer stage durations (eg, 5 minutes). PPO25/3 and PPO25/5 predicted from actual PPO30/1 and PPO30/1 predicted from actual PPO25/3 and PPO25/5 are likely to result in a lower level of agreement with the respective actual PPOs. This is confi rmed by the standard deviation of the differences and the LoA reported in Table 4 .
Another factor in the context of the results that generally should be considered is whether the PPO values are truly refl ective of the cyclist's best effort. Obtaining the highest PPO value depends not only on physiological capacity but also to a certain extent on psychological factors. The true best effort is given when SUM i = 1... n-1 (CTF WLi ) + CTF WLn = 100 (see Equation 4) . Two subjects who participated in this experiment demonstrated a very small difference (≤2 W) between actual PPO(25/3) and actual PPO (25/5) , where the average difference of the 11 tested persons is 17 W. This is a strong indication that these individuals did not or could not give their best effort in EXT25/3. On refl ection, these subjects were not as experienced or as trained as the other athletes in this cohort and this factor may have infl uenced their capacity to exert fully in the latter stages of the EXT. Hence the important consideration is that premature fatigue and not obtaining a "best effort" might have infl uenced the actual PPO values and the LoA statistics presented. These results aside, the insignifi cant systematic bias between predicted and actual values suggests that the modeling would be of practical use. Furthermore, it is possible that this model can be used to establish (in combination with other physiological results such as HR max ) whether subjects have given their best effort in an EXT. Table 3 provides an overview of the ratios between PPO30/1, PPO25/3, and PPO25/5 based on profi le A, profi le B, and the average of profi les A and B. Based on these ratios it can be derived that using profi le A instead of the average of A and B for predicting PP(25/5) from actual PPO(30/1) would lead to a difference in predicted PPO of 1.299/1.267 × 100% = 2.5%. Similarly, using profi le A instead of the average of profi les A and B for predicting PPO(25/5) from PPO(25/3) would lead to a difference in predicted PPO of 1.056/1.049 × 100% = 1.0% . The agreement between predicted and actual PPOs would have been better if the training status had been taken into consideration in choosing the CP reference profi le. For example, if knowing that a cyclist has been doing little anaerobic (aerobic) training, then profi le B (profi le A) would be more appropriate for making predictions instead of the average of profi le A and profi le B. However, this hypothesis needs to be confi rmed with measures of anaerobic/aerobic capacity. In subjects of a higher caliber and/or greater body mass (or of lower caliber and/or lower body mass) than the well-trained cyclists of 70 to 75 kg, the power-duration curves will be at higher (or lower) absolute powers for any given duration. In order to test to what extent PPO ratios are dependent on absolute power, we calculated PPO30/1, PPO25/3, and PPO25/5 and the corresponding PPO ratios, assuming power-duration profi les with 25% higher and 20% lower absolute powers compared with reference powerduration profi le A (Tables 6 and 7) .
The results in Table 7 suggest that PPO ratios between EXTs depend on absolute power. PPO ratios can differ up to 4%; for example, the ratio PPO30/1:PPO25/3 at 20% lower absolute powers than reference profi le A is 4% (1.25/1.23 × 100) higher than that PPO ratio at the powers of reference profi le A. Confi rming this effect of absolute higher and lower powers on predicted PPO would require further research. Note that in testing the predictive validity of the prediction model, the PPO ratios between different EXTs equal the mean of the PPO ratios of profi les A and B (see Table 3 ) and are independent of the absolute PPO values. The reference CP profi les are based on the physiological performance range of well-trained cyclists. World-class or moderately trained cyclists might have physiological capabilities corresponding with profi les that fall outside the range defi ned by profi les A and B. Future studies are necessary to verify this.
Another factor that deserves mention is that the EXTs are assumed to have fi xed workload increment and stage duration and not to have passive recovery intervals between workloads. The practice of having a recovery interval between workload stages during an EXT is not uncommon. At the same time, other EXT protocols commence with initial stages of one duration and then in the later stages the workload duration is reduced. However, the majority of EXTs are completed in a continuous manner with the same workload duration. That aside, this model has considered only continuous incremental protocols. Hence, applying this prediction model to results of discontinuous EXTs will affect prediction of PPO.
Practical Applications and Conclusions
This investigation developed and tested a model that allows prediction of PPO from one EXT to another. The practical implication of this model is that PPO values appearing in the scientifi c literature or those used for performance diagnostics can be compared. Researchers and sports scientists often use EXTs with different stage increments or durations because of personal preference or because they are interested in determining other physiological or performance variables besides the PPO. This procedure may require a specifi c stage duration or increment. It is improbable that in the future a standardized EXT protocol will be developed, and this highlights the importance of modeling procedures such the one presented in this investigation that allows valid comparisons of PPO from studies that have used different EXT stage durations or increments. The model can also be used for predicting submaximal power output where the duration of the trial is known. A number of investigations also perform set workload exercise before a time trial. [29] [30] The model presented in this investigation could be used to estimate the effect on average time trial power of the preceding submaximal effort. However, further studies are required to confi rm the current results using cyclists of different ability levels to predict PPO from different EXT designs.
